Neutron and x-ray scattering studies on relaxor ferroelectric systems Pb(Zn 1/3 Nb 2/3 )O 3 (PZN), Pb(Mg 1/3 Nb 2/3 )O 3 (PMN), and their solid solutions with PbTiO 3 (PT) have shown that inhomogeneities and disorder play important roles in the materials properties. Although a long-range polar order can be established at low temperature -sometimes with the help of an external electric field; short-range local structures called the "polar nano-regions" (PNR) still persist. Both the bulk structure and the PNR have been studied in details. The coexistence and competition of long-and short-range polar orders and how they affect the structural and dynamical properties of relaxor materials are discussed.
I. INTRODUCTION
Relaxors, also called "relaxor ferroelectrics", are a special class of ferroelectric material.
Relaxors have a highly frequency dependent dielectric response (ǫ) with a broad maximum in temperature. Unlike normal ferroelectrics, the dielectric response in relaxors remains relatively large for a wide temperature range near T max where ǫ peaks. Because of their unusual dielectric and piezoelectric response, relaxors have great potentials for applications 1 ratio on B-site to achieve an average valence of 4+ for charge conservation. The frustration between charge neutrality and lattice strain which does not favor a 1 : 2 order makes it unlikely for any long-range cation/chemical order to form in these relaxor systems. The charge imbalance due to the randomness of B-site occupancy creates local random fields, which is the key in understanding many relaxor properties 5, 6, 7, 8, 9 .
A. Long-range polar order from linear temperature behavior at a temperature T d , later called the "Burns temperature", which is far above T max . It was suggested that local polar clusters start to form at this temperature while the majority of the lattice still remain unpolarized. The existence of PNR makes a clear distinction between the paraelectric phase of normal ferroelectrics and the high temperature phase of relaxors. The large frequency dependency of ǫ can also be naturally explained with the relaxation process of PNR 38 . Although it is almost certain that these local structures are associated with the frustration and charge imbalance in relaxor systems, the origin of the PNR and how they are formed is however, still not entirely understood. There are both experimental 39 and theoretical 40 implications that they may be formed based on the chemical short-range order, but more studies are clear required.
Since then there have been numerous studies to probe PNR in relaxor systems including
Raman and dielectric measurements 41, 42 , high resolution piezoelectric force microscopy 43 56 . Contrary to the initial expectations, the PNR do not disappear or grow into large macroscopic ferroelectric domains when the systems goes into a long-range ordered phase. Instead, they are found to persist and coexist with the long-range polar order 57, 58 . The PNR also respond to external electric fields -instead of being completely suppressed, their behavior under field has been very interesting, and largely depends on the direction of the field. For instance, diffuse scattering from PNR in PZN-8%PT has only been partially suppressed by an external field along the tetragonal (T) [001] direction 59 . With an external field along the rhombohedral (R) [111] direction, a redistribution effect has been found between PNR with different polarizations 60 in PZN-xPT single crystals. Similar effect has been observed in PMN-xPT systems as well 61 . Most of these results suggest that the short-range polar order in PNR appears to be an essential part of the relaxor phase -even in the low temperature phase where long-range ferroelectric polar order is established. The two orders can coexist, sometimes compete with each other, but can also develop at the same time.
In addition to understanding the structures and polarizations of PNR, it is more important to find out how these local structures can affect bulk materials properties. Studies have shown that many anomalous properties in the long-range polar structures in PZN-xPT and PMN-xPT relaxors are closely related with the PNR. For example, diffuse scattering from the PNR have been shown to have contributions from both a polar component and a strain component 48, 58 . The former comes from optic type atomic shifts; while the latter arises from acoustic type atomic displacements which is directly associated with the large strain in the lattice. Moreover, recent work indicates that the PNR can interact with various phonon modes 62,63 and could be responsible for the phase instability in relaxor compounds which is essential for achieving the high piezoelectric response.
In the following sections, I will discuss our findings on PZN-xPT and PMN-xPT relaxor systems using neutron and x-ray scattering. The anomalous behavior of various long-range polar order/lattice structures will be discussed first, followed by diffuse scattering measurements on PNR. These results show that local disorder due to frustration is responsible for many special properties of relaxor systems and it is extremely important to obtain a better understanding of these local inhomogeneities and how they interact/affect the bulk.
II. LONG-RANGE ORDER: STRUCTURAL STUDIES
A. Phase "X"
The concept of phase "X" was first raised by Ohwada et al. in their work on structural properties of PZN-8%PT 34 . A near cubic phase, instead of the rhombohedral phase according to previously known phase diagrams, was discovered upon zero-field-cooling (ZFC). More definitive evidence of this phase "X" was found in unpoled single crystals of PZN 15 . Using high energy x-ray (67 keV), we were able to probe deeply inside the bulk PZN single crystal and look for the rhombohedral distortion at room temperature (T C ∼ 410 K for PZN). In a rhombohedrally distorted lattice, the d-spacings of four {111} planes become different.
We have therefore performed mesh scans around the four {111} Bragg peaks. The results obtained from the prepoled (field cooling to room temperature with E=20 kV/cm along [111] direction) and unpoled PZN single crystals are clearly different. For the poled crystal, Bragg peaks at (111) and (111) appear at different Q lengths due to the rhombohedral distortion (see Fig. 2 ). The rhombohedral angle obtained from the measurements is α = 89.935
• , consistent with previous reports 14 . However, the four mesh scans for the unpoled PZN single crystal all give the same d-spacing at T=300 K (see the bottom frame of Fig. 2) ,
showing no evidence of rhombohedral distortion.
This near cubic low temperature phase was later also discovered in PMN-10%PTPMN-20%PT 21 . Unlike the case in pure PMN where the low temperature phase under ZFC is really cubic, the symmetry of phase "X" is likely not cubic, evidenced by the increase of Bragg peak intensities at T C due to release of extinction 64 -which is usually a sign of transition into a lower symmetry phase. There are other signs suggesting that even the unit cell does not show a (detectable) rhombohedral distortion, a structural phase transition has indeed occurred at T C . For example, as shown in Fig. 3 , a sudden increase of lattice strain along the [110] direction occurs at T C ∼ 300 K for PMN-20%PT by high q-resolution neutron scattering measurements 21 . Similar effect has been observed in pure PZN with high energy x-ray diffraction measurements as well 16 . There in addition to the change of lattice strain, a broadening of the (200) Bragg peak in the transverse direction has also been observed, indicating a sudden increase of crystal mosaic at T C ∼ 410 K.
The lack of lattice distortion in phase "X" is quite unusual. Our current understanding of phase "X" is that this is a phase where the lattice prefers to go rhombohedral because of the tendency toward a long-range ordered ferroelectric phase below T C . Ferroelectric polarizations are actually realized by local atomic displacements. However, the unit cell shape still remains nearly cubic. In other words, this can also be called a "less-rhombohedral"
phase where the unit cell distortion is much smaller than one would expect. The large strain in this phase is an indication of structural inhomogeneity. It is our belief that the interactions between local inhomogeneities -possibly the PNR -and the bulk lattice, become strong enough and "locks" the long-range lattice structure into this unusual configuration of phase "X". The phase itself is quite unstable and can be easily driven into a full rhombohedral phase with an external field along [111] direction.
B. The "skin effect"
The discovery of phase "X" was actually accompanied with the discovery of another interesting effect -the "skin effect". The findings of a near cubic phase inside the bulk of PZN (and later PMN-10%PT and PMN-20%PT) single crystals are surprising and not consistent with previous results 14, 49 . In order to resolve the inconsistency, measurements probing different depths into the single crystal sample have been carried out. In Fig. 4 , longitudinal intensity profiles near the (111) Bragg peak of the same single crystal PZN using x-ray diffraction with different x-ray energies are shown. With 67 keV x-rays, the intensity profile shows a sharp single peak for temperatures both above and below T C ∼ 410 K, i.e. no rhombohedral splitting for the low temperature phase. With x-ray energy of 10.7 keV, the situation is drastically different. The profile only has one peak in the high temperature cubic phase; while at low temperature, the (111) Bragg peak splits into two.
The answer to the different results lies in the penetration depth of photons into the sample.
For 67 keV x-rays, the x-ray penetration depth into the sample (the sample geometry is already taken into consideration) is about 400 µm, and the measurements are performed in a transmission mode. In other words, the bulk of the sample is being measured and a near cubic phase (phase "X") is observed. For 10.7 keV x-rays, the penetration depth is much smaller (∼ 10 µm) and the measurements had to be performed in a reflection mode since x-rays can not penetrate the sample which has a thickness of about 1 mm. Therefore, the rhombohedral distortion is actually only limited to a outer-most layer, or "skin" in the sample. Based on the penetration lengths of the x-ray beams, we can obtain an estimate of thickness of the outer-layer to be between 10 µm and 100 µm.
In addition to having different lattice structures, the thermal expansion of the outerlayer and the inside can also be quite different. In Similar results is also seen in PMN-20%PT (see the bottom panel of Fig. 3 ). This is another important feature of phase "X" which differs from a normal ferroelectric phase.
The "skin-effect" naturally explains the discrepancy between recent high-energy x-ray and neutron diffraction measurements on single crystal relaxor samples 15, 20, 21 and previous work where the rhombohedral distortion can be measured from the samples of similar compositions 14, 49, 66 . In previous work, either a lab x-ray source and/or powder samples were used. A lab x-ray source usually gives photons at the energy of Cu K α line (∼ 8 keV) which can only penetrate into the outer most ∼ 10 µm of these lead based relaxor samples. When powder samples are used, the normal grain sizes would also be in the order of tens of µm, the same as the thickness of the outer layer. It is for this reason that powder and/or lab x-ray measurements only probes the outer-layer but not the inside of the crystal.
The "skin-effect" is not limited to compositions where phase "X" exists (in the bulk). provide more evidence that the strain inside the crystal -most likely due to interaction between the lattice that tends to become polar and the PNR -is the key that prevents or reduces the rhombohedral distortion. When going near the surface, the strain is reduced -which is probably the opposite to many other systems where surface strains can actually affect surface properties, and the rhombohedral distortion is restored.
Interestingly, the "skin effect" is also present in pure PMN, which is believed to be an exception to PZN-xPT and PMN-xPT systems since it always remains cubic with ZFC.
Stock et al. have performed strain measurements using a very narrow neutron beam 18 on a single crystal PMN sample. The sample can be translated so that one can use the narrow beam to directly probe the lattice structures of different depths into the sample. As shown in Fig. 6 , similar to what has been observed in PZN-xPT samples, in pure PMN there is an outer-layer of about 100 µm thick near the surface with lattice strain significantly smaller than that of the inside.
The "skin-effect" is discussed in more details in Ref. 19 . It is most likely that the the large strain for the inside structure is associated with the PNR and is unique for relaxor compounds. In addition, with a different "outer-layer" structure, it is important for one to be extra careful when interpreting measurements that may only probe the surface region of these materials. A sketch of the intensity distribution in the 3-D reciprocal space is plotted in Fig. 9 . Based on how these 110 intensity rods changes, we propose that they come from independent local structures. In other words, the diffuse rod along each 110 direction comes from PNR of a certain orientation.
Then the problem becomes relatively simple. Since rod type intensities in reciprocal space must correspond to planar correlations/structures in real space, we can conclude that the short-range polar order in the PNR must take a planar shape in real space. The polarization of these PNR can then be derived from analyzing the "extinction condition" where some model" (see Fig. 10 ) shows that the there are six possible orientations/polarizations of PNR, with 110 type polarizations, correlated in {110} planes, that give rise to 110 diffuse rods.
The in-plane and out-of-plane correlation lengths (or, the diameter and thickness of the "pancake" PNR, respectively) can be estimated from the broadness of diffuse scattering perpendicular and along the intensity rod directions. A rough estimate will give a in-plane correlation length of 10 to 20 nm (20 to 40 lattice spacings) while the out-of-plane correlation length is about four times smaller 45, 50 .
The "pancake model" is a simplified model. For example, in this model, the atomic displacements within the PNR are assumed to be all collinear, along the same direction.
The possibility of more than a single source to the diffuse scattering is also not considered (e.g. it is possible that the diffuse scattering comes from combination of a polar core plus surrounding lattice strain induced by the core). However, it does provide some important information for the local structures in these relaxor systems. Using this model, most previous diffuse scattering measurements on these systems can be easily explained -for instance, the Quantitative studies on diffuse scattering intensities across different Bragg peaks 48, 51, 58 can be used to obtain the magnitude of atomic displacements within a unit cell. It is shown that in both pure PMN and PZN-xPT crystals, the local atomic shifts in the PNR responsible for the diffuse scattering are always composed of two components: one optic component which gives rise to local polarizations; and one acoustic component, which is related to strains in the system. The former is always expected since these are "polar" structures, and is likely due to the condensation of the ferroelectric transverse optic phonon, which softens significantly below T d 64,69 . Having also the acoustic component is surprising but it helps explain the large strain in these lead-based relaxor systems. The interaction between the PNR and the bulk lattice is a clear example of frustration between lattice strain and charge suppressing/reducing long-range polar order in the system.
B. Electric field response
Because of their "polar" nature, one would expect the PNR to respond to the application of an external electric field. Indeed, previous studies 59, 70 have shown that neutron diffuse scattering measured in transverse directions to the Bragg vectors can be partially suppressed.
Intuitively, if an external electric field can enhance the long-range polar order in the lattice, it should also be able to suppress the short-range polar order in the PNR. scattering rods on this plane also takes a "butterfly" shape, as shown by the zero field cooled (ZFC) measurements plotted in Fig. 11 (a) . With the application of E=2 kV/cm along [111] and doing FC, surprisingly, even when the long-range rhombohedral structure is stabilized below T C , the diffuse scattering still persists. The symmetric "butterfly" shape, however, is changed to an asymmetric "butterfly" as shown in Fig. 11 
C. Coupling to phonons
In addition to learning how the PNR exist in relaxor systems as discussed in the previous two subsections, a more important question is that how they affect bulk properties. As discussed before, the long-range lattice structure are affected by the PNR, showing large strains and other anomalous behaviors 16, 21 . In addition to static long-range structures, the PNR also affect the lattice dynamics in PZN-xPT and PMN-xPT relaxor systems.
In ordinary ferroelectrics, there is usually a transverse optic phonon (TO) mode that is associated with the phase transition. The TO mode softens and the zone-center energy goes toward zero at T C 71 . In relaxors a similar softening of the ferroelectric TO mode is also observed at high temperature, but this mode becomes anomalously broad for small q values in a large temperature range, between the Burns temperature T d and the Curie temperate T C . With further cooling, the TO mode recovers again below T C . This is called the "waterfall" effect, and has been observed in both pure PMN and PZN, as well as a number of compositions of PZN-xPT and PMN-xPT on the left side of the phase diagram 64, 72, 73, 74, 75 .
Because of the temperature range it is observed, and the belief that the PNR are results of TO phonon condensations, the "water-fall" effect has been interpreted as a result of interactions between the PNR and the TO phonon mode. However, in recent work by Stock et al. on a single crystal PMN-60%PT sample, the zone-center TO mode was also found to become heavily damped in a broad temperature range, just like the "water-fall" effect observed in relaxors. Note that PMN-60%PT is located on the right side of the PT doping phase diagram (see Fig. 1 ), with a first-order phase transition from cubic to tetragonal at T C ∼ 550 K 68 . There is also no "butterfly" shaped diffuse scattering from this material.
Having a "water-fall" effect in this ferroelectric material with the absence of PNR suggests that the "water-fall" effect could have other origins.
Although the coupling between PNR and the soft TO phonon mode is becoming contro- Near (220) where diffuse scattering is strong, the TA mode becomes very soft and heavily damped. Near (220) where diffuse scattering is weak, the TA mode becomes relatively well defined.
These results suggest that there is a strong coupling between the diffuse scattering and TA phonon modes propagating along different 110 directions (the TA2 mode). The interaction with the PNR makes the TA2 mode particularly soft. This marks a structural instability in the system, which is necessary for a system with high piezoelectric response 32, 76, 77, 78, 79 . In other words, the coupling between PNR and acoustic phonons may be related to the high electromechanical properties of PZN-xPT and PMN-xPT systems. Furthermore, the soft Fig. 7 ).
IV. SUMMARY AND FUTURE WORK
Our neutron and x-ray scattering studies on PZN-xPT and PMN-xPT relaxor compounds have shown that these materials have complex local structures due to lattice-charge frustration. The short-range polar orders, namely, the polar nano-regions (PNR) can affect the long-range polar order in various ways. They can reduce or even suppress the long-range polar order (phase "X"), and induce large lattice strains. The PNR also interact strongly with acoustic phonon modes, and therefore create a phase instability that may be related to the high piezoelectric response in these materials. On the other hand, the short-and long-range polar orders can still coexist in most of the compositions studied, and there are even implications that the long-range order can help make the short-range polar order more stable.
These complex local structures are far from being fully understood. Currently there are many unanswered questions, and unsolved problems. Here I list a few related topics that would be of interest for future studies:
(i) The origin of the PNR. As discussed in earlier parts of the article, the relaxor properties in PZN-xPT and PMN-xPT systems are related to the random field created by the 59, 82 . The "butterfly" diffuse scattering is clearly the dominant part of the diffuse scattering intensity being measured. But it is still possible, as previously mentioned, that there can be other sources to the diffuse scattering intensities than the 110 type atomic shifts. These sources may contribute to a portion of the diffuse scattering intensity that behaves differently than the "butterfly" diffuse. This is certainly an issue that requires more attention. Also as [001] and [110] are the directions along which the piezoelectric response from these relaxor systems are high, it will be interesting to understand if the PNR play any roles in facilitating the "polarization rotation" process under these conditions.
(iii) PNR in other relaxor systems. In addition to the extensively studied lead perovskite relaxors, there are other relaxor systems such as the lead-free relaxor K 1−x Li x TaO 3 (KLT). In KLT, instead of the B-site disorder, it is the Li displacements that induces local polarization.
It would be extremely interesting to explore the properties and response of PNR in this and other materials where he underlying mechanism of having the PNR is completely different. 
